). It is noteworthy that this substantial bias occurs in a potentially dynamically highly relevant air mass that will be subsequently lifted within a WCB to the upper troposphere. A Lagrangian moisture source diagnostic reveals that these large moisture deviations occur within air masses that, according to the ECMWF analyses, are coherently transported from the western Mediterranean towards Spain and experience intense moisture uptake over the Ebro valley. It is suggested that inaccuracies in surface evapotranspiration, horizontal moisture advection, and turbulent vertical transport of moisture in the atmospheric boundary layer potentially contribute to the erroneous lowtropospheric humidity in the inflow region of this particular summertime WCB over Spain in the ECMWF analyses.
Introduction
The Lagrangian conveyor belt model (e.g. Browning et al., 1973; Carlson, 1980) describes the three major airstreams within developing extratropical cyclones. It extended the early Norwegian model of extratropical cyclones that was based upon the concept of frontal zones separating contrasting air masses. Airstreams from the upper troposphere and lower stratosphere (UT/LS) to lower altitudes west of the Northern Hemispheric cyclone generate dry intrusions. This airstream can be typically identified as a region of low upper tropospheric humidity and low (or no) cloud cover in water vapour and infrared satellite observations, respectively. Conversely, the airstream exhibiting the strongest ascent and the most intense latent heating associated with precipitation characterizes the warm conveyor belt (WCB). It transports air upward and poleward from the planetary boundary layer (PBL) into the northern mid-latitude upper troposphere within a typical time period of 1-2 days (Wernli and Davies, 1997) . Moist air originating from the warm sector of a developing extratropical cyclone ascends and forms a characteristic elongated band of medium-to high-level clouds. Finally, the westward stream of cold and humid air beneath the WCB and ahead of the warm front is often denoted as the cold conveyor belt.
WCBs with their particularly strong diabatic processes are vitally important as they strongly influence both the evolution of individual extratropical cyclones and the midlatitude general circulation. The poleward transport of sensible and latent heat by WCBs is a key component of the overall atmospheric meridional energy transport in midlatitudes, where the temperature contrast between Pole and Equator is reduced mainly by cyclones and anticyclones due to baroclinic instability. The WCB climatology by Eckhardt et al. (2004) reveals the large contribution of WCBs to mid-latitude precipitation. The intense latent heat release associated with cloud formation and precipitation influences the life cycle of cyclones and thus directly affects atmospheric dynamics. The condensation processes in the coherently ascending airstream lead to the generation of a positive potential vorticity (PV) anomaly in the lower troposphere roughly at the level of maximum latent heating (Wernli and Davies, 1997) . This diabatic PV modification can contribute strongly to the intensification of a cyclone (e.g. Kuo et al., 1991; Davis et al., 1993; Rossa et al., 2000) . PV is destroyed by diabatic processes above the level of maximum latent heating, which leads to negative PV anomalies in the upper tropospheric WCB outflow region (Wernli, 1997; Pomroy and Thorpe, 2000; Grams et al., 2011) . The upper tropospheric modification of PV at the level of the midlatitude jet stream can have a significant impact on the Rossby wave development and associated surface weather further downstream (Massacand et al., 2001; Knippertz and Martin, 2005) .
WCB air masses can efficiently be identified with the aid of trajectory calculations and the application of objective selection criteria (Wernli and Davies, 1997; Eckhardt et al., 2004) . For the North Atlantic/European region the WCB climatology of Eckhardt et al. (2004) presents average values of the pressure and moisture decrease along WCBs ( p = 542 hPa and q = 9.31 g kg −1 ) as well as of the associated increase of potential temperature ( θ = 16 K). This highlights the important cross-isentropic component of the transport within WCBs. WCBs in this region occur most frequently during winter, and their ascent typically starts in the western North Atlantic. However, WCBs can originate over the entire North Atlantic and the Mediterranean (see also Ziv et al., 2010) .
Additionally, transport by means of WCBs is a primary mechanism for distributing pollution over long distances and to the upper troposphere (e.g. Stohl and Trickl, 1999) . Therefore, various airborne measurements during previous field campaigns focused on the chemical footprints of WCBs (Bethan et al., 1998; Vaughan et al., 2003) and on the transport of dust and trace gases (Cooper et al., 2002 (Cooper et al., , 2004 . Esler et al. (2003) analysed in situ and sonde data of ozone, humidity and wind that were collected in WCBs of two cyclones over the UK. Given the dynamical relevance of WCBs it is striking that only few observational studies have been made to better characterize these airstreams. In particular, information about their initial moisture content and the latent heating along their ascent is so far almost entirely based upon model data.
During recent years, airborne measurements with lidar of both wind and water vapour were successfully applied to study numerous meteorological phenomena. For example, studies have been made to investigate the PBL water vapour structure (Wakimoto et al., 2006; Kiemle et al., 2007) , humidity in the upper troposphere and lower stratosphere , the structure of stratospheric intrusions (Browell et al., 1987; Hoinka and Davies, 2007) , and the mesoscale fine structure of extratropical cyclones (Flentje et al., 2005) . Flentje et al. (2007) compared analyses of the European Centre for Medium-Range Weather Forecasts (ECMWF) with differential absorption lidar (DIAL) water vapour measurements in the Tropics and Subtropics over the Atlantic Ocean between Europe and Brazil. Kiemle et al. (2007) calculated vertical water vapour flux profiles from a combination of data from a wind and a water vapour lidar. Schäfler et al. (2010) developed a method to determine the horizontal water vapour transport from collocated lidar measurements of wind and humidity in the vicinity of an extratropical cyclone.
This study will describe and apply a method to identify, for the first time, WCB observations within lidar cross-sections measured during various field experiments. Between 2002 and 2008, the Deutsches Zentrum für Luft und Raumfahrt (DLR) research aircraft Falcon participated in seven campaigns where humidity and wind were observed with lidars in different regions over the North Atlantic and Europe. As none of these field experiments focused on WCBs, the analysis performed in this study corresponds to a search for 'lucky WCB encounters'. One of these occurred on 19 July 2007 during the European THORPEX * Regional Campaign (ETReC, 2007) with PBL observations in the inflow of a WCB. The associated cyclone caused exceptionally high amounts of rain over the UK (Prior and Beswick, 2008) and was one event in a series of high-impact weather events in summer 2007 (Blackburn et al., 2008) . It was shown that the majority of precipitation was related to large-scale rain generated by the uniform ascent within a WCB. For the analysis of WCBs during this mission, a Lagrangian detection method to identify the exact location of the WCB inflow region will be introduced (section 3). The lidar observations, the structure of the observed WCBs and a comparison of the measurements with ECMWF analysis fields will be presented (section 4). For the moisture in the WCB inflow region we will apply a Lagrangian moisture source diagnostic, which will help pinpoint potential model errors leading to substantial deviations of the model humidity compared to the observations in the WCB inflow region (section 5).
Instruments and dataset

Water vapour lidar
Deriving tropospheric water vapour profiles by means of the differential absorption method is a ground-based and airborne lidar technique that is well described in the aforementioned literature. Two laser pulses -one at a water vapour absorbing and another at a nonabsorbing wavelength -are successively transmitted into the atmosphere. The difference in the backscattered signals is a measure of the density of water vapour within the illuminated volume. A range-dependent profile is determined by measuring the run time of the signal. To avoid interference by other trace gases the wavelength is chosen at around 935 nm, where water vapour has wellknown and narrow absorption lines. Therefore, the laser system has to fulfil high frequency stability and spectral narrowness.
Installed on an aircraft, the nadir pointing DIAL profiles yield two-dimensional cross-sections through the atmosphere displaying the mixing ratio of water vapour beneath the aircraft. DLR has developed and operated two different water vapour DIAL systems since 2002. The former two-wavelength system was used until 2007. For a detailed description of the system and the measurement accuracy see Poberaj et al. (2002) . A major step to observe the whole range of tropospheric water vapour concentrations that vary by three orders of magnitude was made when the new four-wavelength DIAL WALES (Water vapour Lidar Experiment in Space) was completed in 2007. It was designed as an airborne demonstrator for a prospective satellite instrument. The resulting water vapour profile consists of a combination of backscattered signals from three wavelengths tuned to absorption lines sensitive at different humidity concentrations (for a detailed description of the system see Wirth et al., 2009) . Note that during the jointly performed campaigns -the Convective and Orographically Induced Precipitation Study (COPS) and ETReC 2007 -the DIAL was operated for the first time at three wavelengths (one online, two offline).
The horizontal spacing of the profiles basically depends on the pulse repetition frequency. However, horizontal and vertical smoothing is applied to reduce statistical errors resulting from instrument noise. Additionally, systematic errors (spectral characteristics and purity of the absorption lines, wavelength stability, and temperature impact on the absorption cross-section) influence the accuracy. To keep the uncertainty below 15% an evaluation of the data at different spectral purities was applied (see Schäfler et al., 2010) . In the present case study, the DIAL data possess a horizontal resolution of ∼14 km (averaged over 60 s) and a vertical range resolution of ∼350 m. A recent inter-comparison study of different water vapour lidars that were operated during COPS by Bhawar et al. (2011) showed a low systematic error (bias of −2%) for the DIAL WALES.
A further variable observed by the DIAL system is the atmospheric backscatter ratio (BSR) measured at a wavelength of 1064 nm, which is the ratio of the total (particle and molecular) backscatter coefficient and the molecular backscatter coefficient. The resolution of the backscatter data is 15 m vertically and 10 s (2 km) horizontally. Typical values range from 1 in a clean atmosphere to 100 in regions with a high aerosol load.
Doppler wind lidar
The DLR 2 µm wind lidar measures the frequency shift between emitted and received signal that results from the optical Doppler effect at the scattering particles and is proportional to the line of sight (LOS) velocity. The horizontal wind field can be determined from the LOS velocity by measuring at different beam angles under the assumption of horizontal homogeneity of the wind field. This is achieved with two rotating refractive wedges that perform a conical step-and-stare scan under an off-nadir angle of 20 • (velocity azimuth display (VAD) technique).
Each profile consists of LOS measurements of one scanner revolution (∼32 s). For a detailed description of the wind vector calculation see Weissmann et al. (2005) . The accuracy of the wind measurements is ∼0.1 m s −1 at high signal-tonoise ratios. The vertical resolution is 100 m. The horizontal resolution is 32 s, which results in a mean horizontal profile distance of ∼7.3 km, given an aircraft speed of ∼230 m s −1 .
Lidar dataset
Over the past years the DLR research aircraft Falcon was involved in a multitude of international research campaigns with different scientific objectives. These measurements contribute to our knowledge on the water vapour distribution in the whole troposphere and lower stratosphere and to a better understanding of atmospheric processes. The flight tracks of the aircraft in the considered campaigns are shown in Figure 1 . About 230 flight hours from seven research campaigns are taken into account. The actual total lidar observation time is shorter because the systems worked only when the flight level was reached. The spatial distribution of WCBs, in the climatology of Eckhardt et al. (2004) , shows that they occur in a latitude belt between 20
• and 75
• N, preferably located on the leading edge of developing or amplifying upper-level troughs. Therefore, we exclude inappropriate flights in geographical regions or during meteorological situations that are unlikely to be associated with a WCB, i.e. in tropical and polar air masses away from baroclinic zones as well as in high-pressure situations.
During six transfer flights to Oklahoma (Kansas, USA) where the International H2O Project (IHOP 2002; Weckwerth et al., 2004) in 2002 took place (black lines in Figure 1 ) water vapour was observed in the vicinity of the Atlantic wave guide with the aforementioned twowavelength DIAL (Flentje et al., 2005) . Tropospheric water vapour was probed on the inbound flights from the Tropical Convection, Cirrus and Nitrogen Oxides Experiment (TROCCINOX; Flentje et al., 2007) and the Stratospheric-Climate links with emphasis on the UT/LS (SCOUT) experiment (Vaughan et al., 2008) . Based on the case study by Flentje et al. (2007) we found no evidence that WCB air masses were probed on the TROCCINOX transfer flights from Brazil to Europe.
In summer 2007, during COPS (Wulfmeyer et al., 2008) southern Germany, elongated flights to upstream regions with airborne observations of the horizontal moisture transport were undertaken during the associated ETReC 2007 campaign .
The IPY-THORPEX campaign which was part of the International Polar Year (IPY) in 2008 aimed at observations of polar lows in the Barents Sea (Wagner et al., 2011) . Water vapour was also observed during the second Saharan Mineral Dust Experiment (SAMUM-2) when research flights were carried out from the Cape Verde Islands. IPY-THORPEX and SAMUM-2 have been rejected as both campaigns took place in polar and tropical air masses, respectively, decoupled from the mid-latitudes. During the European integrated project on Aerosol Cloud Climate and Air Quality Interactions (EUCAARI) in 2008 in situ instruments measuring aerosol properties were supported by the DIAL to obtain water vapour and aerosol backscatter information. A persistent blocking anticyclone that influenced central Europe made the occurrence of WCBs very unlikely and therefore the EUCAARI data could not be considered further in this study.
After pre-selection with regard to the meteorology and geographical location we considered the missions of the campaigns IHOP, COPS/ETReC as well as the SCOUT transfer flight to be promising for possible WCB intersections. The ensuing Lagrangian diagnostic to search for WCB encounters is described in section 3.
ECMWF analysis and forecast data
Model fields from the ECMWF Integrated Forecasting System (IFS) are used to perform comparisons with the observations and to drive the trajectory calculations. In this study, we have used the IFS version with a T799L91 spatial resolution that was operational in 2006. The 799 spectral components correspond to a grid point spacing of approximately 25 km in the horizontal. The 91 vertical model levels are irregularly distributed from 1000 to 0.1 hPa, with a higher density close to the ground. The spectral analysis data have been interpolated to a regular lat-lon grid (0.25 • /0.25 • ). To enhance the temporal resolution in the model fields, ECMWF operational analysis fields (at 0000, 0600, 1200 and 1800 UTC) were supplemented by short-term forecast fields which were treated as 'pseudo-analyses'. Therefore, special forecast runs with 1-hourly output up to +5 h were run four times a day.
Description of the methods
Identification of WCB observations
The aircraft missions that have been selected to search for possible WCB observations (see section 2.3) comprise approximately 52.5 flight hours. For these missions, we identified WCBs by analyzing ensembles of trajectories calculated with the Lagrangian analysis tool LAGRANTO (Wernli and Davies, 1997) . Based on 6-hourly ECMWF analyses, trajectories were started every 6 h during a time period of 6 days (4 days before and 1 day after the respective mission) at every model grid point below 850 hPa in an area from 120 • W to 80 • E and 10 • N to 90 • N. The trajectories with an ascent of more than 600 hPa in 48 h were identified as WCB trajectories (Wernli and Davies, 1997) . These trajectories were investigated for intersections with the flight tracks to analyse whether lidar observations were taken in the vicinity of a WCB. Most intersections occurred during IHOP 2002, where four of the six missions showed WCB crossings. An analysis of the intersection time and altitude with respect to the position in the WCB revealed that most WCB parcels were observed in the upper troposphere several hours after the WCB ascent. During COPS and ETReC 2007, the two missions on 19 July and 1 August 2007 (see Schäfler et al., 2010 , for details on this mission) offer WCB intersections. The mission on 19 July features a considerable number of observations taken in the lower tropospheric inflow region prior to the ascent of parcels in the WCB. Because these measurements provide key information on the initial moisture field streaming into the WCB, this mission was selected for a detailed case study presented in section 4.
In order to allow for a precise comparison of the lidar observations with the ECMWF fields, we applied a refined Lagrangian diagnostic for the selected COPS mission on 19 July 2007. LAGRANTO provides information about the evolution of selected meteorological parameters (e.g. pressure, temperature, potential temperature, and potential vorticity) along the trajectory. By starting both forward and backward trajectory calculations from every observation point (given by its geographical coordinates, pressure and time) along the lidar cross-section, it is possible to investigate the material change of these variables. Since hourly fields from short-term forecasts for a 6-day period (0000 UTC 15 July to 0000 UTC 21 July) were available, a sensitivity study on the influence of the temporal resolution of the driving wind fields on the trajectory calculations could be performed, as presented in the Appendix. The results discussed in section 4 will be based on the 3-hourly resolution data, as this time increment is available from operational forecast and analysis fields from the IFS archive. For the moisture uptake diagnostic in section 4.5, 6-hourly fields were used.
Interpolation of model data to the collocated lidar grid and comparison
Comparing gridded model data with temporally continuous lidar profiles is a method that has been repeatedly used to qualitatively and quantitatively analyse lidar observations of wind and water vapour. In the following, a short description of the interpolation method is given which is analogous to that used by Flentje et al. (2007) and Schäfler et al. (2010) .
A bilinear interpolation from the surrounding grid points is performed to project model information onto the lidar profiles, followed by a vertical interpolation of the model profile towards the lidar resolution. The interpolation is performed for every output time of the IFS. The 1-hourly output of the IFS allows the use of linear interpolation in time and a more accurate representation of the model fields at the time of the observation compared to more coarsely resolved data. Different meteorological parameters are displayed along the cross-section to interpret the observations (see, for example, Figure 4 ).
Analogous to the method presented by Schäfler et al. (2010) the observations of wind and water vapour are interpolated to a collocated grid with a resolution of 100 m vertically and 30 s horizontally. The collocated grid defines the starting positions for the calculation of trajectories to investigate which part of the wind and water vapour observations belongs to the WCB. Differences between observed and modelled humidity and wind velocity can be used to verify analysis and forecast fields. As proposed by Flentje et al. (2007) we present absolute and relative deviations that are normalized by the mean value of observations and model data. The bilinear interpolation to the collocated grid is accompanied by a slight reduction of the data coverage. For this reason, all differences between ECMWF and lidar are shown at the original resolution of the wind and water vapour fields (see sections 2.1 and 2.2).
Case study of 19 July 2007
Synoptic overview
The flight on 19 July 2007 from Faro (Portugal) to Oberpfaffenhofen (Germany) took place between 1110 and 1440 UTC (see flight path in Figure 2 (a) and (d)). After flying northward along the western coastline of Spain the aircraft turned eastward crossing Spain south of the Pyrenees, into the Gulf of Lyons before crossing the Alps. Lidar observations of both humidity and wind are available between 1156 and 1314 UTC, i.e. mainly in a W-E oriented curtain along northern Spain (indicated by the solid line in Figure 2 ).
The weather situation over Western Europe at that time (1200 UTC 19 July, see Figure 2 (a) and (d)) is characterized by an upper-level trough with its centre located southwest of the UK. Warm and moist air was advected northeastward ahead of the trough, as confirmed by the high values of the equivalent potential temperature (θ e ). The flight path crossed this tongue of high θ e air on the way to the Mediterranean. Over Galicia, where the aircraft turned eastward, the flight path intersected a jet maximum at 500 hPa with peak wind speed of about 30 m s −1 . The ECMWF analysis taken 12 h later depicts a jet stream maximum which is embedded in the large trough (Figure 2(b) ). The jet streak propagated towards France and cyclogenesis was initiated in the left jet exit region over Brittany. This evolution is visible in the geopotential height field and, especially, in the deformation of the frontal zone (high θ e gradient; Figure 2 (e)). Another 12 h later, at 1200 UTC 20 July, the jet is positioned over France (Figure 2(c) ) and the frontal wave intensified as indicated by a significantly decreased geopotential height at 850 hPa (Figure 2(f) ). In the course of this development intense convection was triggered by the upper-level anomaly in the unstable air mass over France and southwestern Germany during the night and the following day. (Figure 3(a) ) shows shallow, unorganized cumulus clouds over northwestern Spain but not further to the east in the air associated with high θ e values (Figure 2(d) ). On the next day, at 1050 UTC 20 July when the developing cyclone moved to the UK, the satellite picture (Figure 3(b) ) shows the occluded part of the frontal system with dense high-level clouds over England and Ireland. Cirrus is fraying out on the northern edge. Below the cirrus shield over western Germany intense convective cells are triggered ahead of the cold front. Over France shallow cumulus formed in the cold air that arrived behind the cold front. Figure 4 shows the lidar observations of BSR, water vapour mixing ratio and wind velocity for the flight segment described in the previous section, with superimposed ECMWF analysis fields. The topography along the crosssection indicates the maximum elevations of the Cantabrian Mountains after the turn over the Atlantic at about 450 km distance, followed by the central Castilian plateau and the decline towards the Ebro valley. The BSR depicts clouds at ∼3 km altitude in the first part of the flight segment and low aerosol content (BSR < 3) in the troposphere above the clouds (Figure 4(a) ). The symmetric appearance in the cloud structure before and after the turn is due to the spatial proximity of the probed air masses in the southwesterly flow. The cloud-top height increases slightly towards the north and is associated with a capping temperature inversion (identified by dropsonde observations, not shown). The cloud-top height is significantly lower (∼1 km) in the marine PBL over the sea. Further to the east (at about 700 km distance in Figure 4 (a)), the absence of a capping inversion and a warmer PBL presumably prevented cloud formation (Figure 3 ). However, also in this region, a strong vertical aerosol gradient was observed. The upper edge of the layer (BSR ≈ 5) decreases rapidly from ∼3.5 to ∼1.5 km towards the end of the flight segment. The aerosol in this layer is probably affected by PBL transport processes during the previous day. An elevated aerosol layer occurs above the PBL between 1256 and 1310 UTC at about 3 km altitude. Closer to the ground an aerosol layer with BSR values up to 20 and a depth of 1 km follows the terrain. A vertically constant humidity and a dry adiabatic lapse rate in dropsonde profiles at 1254 and 1304 UTC (not shown) reveal that this layer coincides with the mixed layer. The upper boundary of the residual and the mixed layers coincide at the end of the flight.
Interpretation of wind and water vapour fields
The ECMWF analyses are qualitatively in good agreement with the observed humidity and wind structure (Figure 4 above. In the free atmosphere, the humidity is higher in the eastern part of the flight segment. The lowest humidity values (<0.1 g kg −1 ) occurred when the aircraft approached the jet region close to the trough centre (at around 250 km Additionally, Figure 4 shows the boundary layer height (BLH) from the operational analysis of the ECMWF's IFS interpolated on the flight track. This diagnosed BLH is located below the observed cloud-top height before [km]
[km]
[UTC]
[h]
[hPa] 1230 UTC (see Figure 4(a) ). This might imply inaccurate convective activity over the mountainous terrain by the IFS. Remarkably, the agreement between the cloud top height and the BLH is nearly perfect over the flat area of the central Castilian plateau. Further east, the diagnosed BLH coincides with the upper edge of a residual layer visible by enhanced BSR values in the cloud-free region.
WCB observation
The method of calculating trajectories from every observation point (see section 3.1) was applied to this case study to identify measurements of WCB air parcels. Figure 5 (a) shows the maximum ascent p max identified as the magnitude of maximum pressure decrease within 48 h along the 7-day trajectory. Figure 5 (b) depicts the time when the ascent begins relative to the time of the airborne lidar observation. Figure 5 illustrates the vertical structure of the WCB and, therefore, a threshold of the pressure decrease of at least 400 hPa in 48 h is chosen. Two main regions can be distinguished. One region in the first part of the flight segment is located in the upper tropospheric jet region, which is characterized by very low humidity values (see Figure 4 (b)). These air parcels are related to an ascent that took place ∼3 days in advance of the observation ( Figure 5(b) ). The second region with large maximum ascent values appears in the humid PBL during the second half of the flight segment. This air mass in the lower troposphere flows into a WCB. The respective parcels just started to ascend or were about to start within 12 h after the observation ( Figure 5(b) ). The distribution of the maximum ascent values differs in the two regions ( Figure 5(a) ). The lower region shows coherent horizontally extended layers of equal magnitude in p max and, generally, a vertical decrease in p max . Conversely, the p max distribution at upper levels is noisy and features a large variability without any remarkable layering or coherence. Pathways of WCB trajectories that satisfy the 'standard WCB criterion' of ascent larger than 600 hPa are shown in Figure 6 (a) and (b). The two different WCB regions identified in the cross-sections can be clearly distinguished by colour (see also the pressure of the trajectories at 19 July 1200 UTC in Figure 6(c) ). The green and blue trajectories cross the western part of the lidar curtain in the upper troposphere above 500 hPa. As shown in Figure 6 (c), these parcels had already ascended 2-3 days before the flight. After the ascent over Western Europe, the parcels are embedded in the trough circulation and travel from Scandinavia to the Iberian Peninsula in ∼36 h. The air parcels again move to the north after the observation. In agreement with the small positive values for the second region in Figure 5(b) , the reddish parcels ascend directly after having passed the eastern part of the cross-section in a temporally and spatially coherent belt over France (see pressure evolution in Figure 6(c) ). In the late outflow phase the coherent belt splits into three branches. During their ascent, parcels lose most of their water vapour (Figure 6(d) ), which initially varies between 5 and 10 g kg −1 . Additionally, the potential temperature increases due to latent heating (Figure 6(e) ). The backward part of the trajectory calculation shows that most parcels are transported on the rear side of the persistent trough and either descend slightly or move close to sea level. Whereas most air parcels move over the Iberian Peninsula prior to the lidar observation time, another branch with parcels approaches from the Mediterranean to the south of Sicily and Sardinia. Interestingly, the ascent of parcels in both branches takes place at approximately the same position over France (Figure 6(a) and (b) ). humidity (d) evolution for the WCB trajectories which ascend after the flight intersection (reddish parcels in Figure 6 ). The eastern portion of the WCB consists of air parcels (orange and red) that originate from the Mediterranean. They form the branch of parcels with the anticyclonic outflow towards Russia. Trajectories with maximum ascent (up to 774 hPa) are located at the centre of the WCB (Figure 7(b) ). These air parcels are predominantly advected from the Atlantic (to the west of 20
• W and north of 50
• N). They differ from the rest of the Atlantic trajectories by moving at low levels (Figure 7(c) ) southward over the Bay of Biscay towards the observation location. The Mediterranean trajectories exhibit a larger 48 h ascent than the southern portion of the Atlantic ones. They also move close to the sea surface, accompanied by a humidification due to surface fluxes (Figure 7(d) ). During the rapid ascent the parcels quickly lose their moisture, which decreases to less than 0.5 g kg −1 when they reach the outflow region. The 48 h decrease of moisture within the WCB ( p max > 600 hPa) varies from 6 to 14.3 g kg −1 . The mean humidity loss along all trajectories is 10.3 g kg −1 . The corresponding 48 h change in potential temperature amounts to 27.6 K on average with minimum and maximum values of 17.7 and 34.7 K, respectively.
Additionally, all panels in Figure 7 show the positions of the observed parcels at different times during the WCB ascent by means of black dots. The parcels are located close together near the flight path over southwestern France between 700 and 550 hPa 12 h after the observation (Figure 7(a) ). Another 12 h later, at 1200 UTC 20 July (Figure 7(b) ), the parcels begin to spread horizontally and vertically. The fastest parcels already reach the upper troposphere over the UK. The slower ones remain in the mid troposphere over northeastern France. Of course, only a part of the air that is lifted within the developing system is probed by the lidar measurements. However, comparing the positions in Figure 7 (b) with the MODIS image (Figure 3 ) it can be confirmed that the observed air mass was embedded in the cloud system of the cyclone. Figure 8 shows the difference between ECMWF data and lidar observations of specific humidity (Figure 8(a) ) and the horizontal wind velocity (Figure 8(b) ) along the lidar cross-section. In the eastern part of the flight segment a strong positive moisture deviation beneath 3 km indicates an overestimation of the humidity by the IFS. The deviations reach up to 7 g kg −1 (corresponding to a relative difference of 100%; see section 3.2) and are located in the region of strong subsequent ascent. It is noteworthy that this significant moisture bias occurs in the WCB inflow region, i.e. within an airflow that is of great importance for the subsequent dynamical evolution of the probed weather system. Based on Figure 5 we defined an approximate inflow region (blue rectangle in Figure 8 ) below 3 km. Averaged over this inflow region the mean moisture bias is ∼1.0 g kg −1 (14%). Above, a region with negative deviations (∼2 g kg −1 ) exists. The absolute deviations are smaller at low moisture contents in the upper troposphere. However, the partly high relative deviations (up to 200%, not shown) indicate a significant overestimation of humidity in the upper troposphere. It is difficult to address the deviations associated with the outflow region of the western WCB where the parcels ascended 3 days earlier. As discussed before, this region is less homogeneous compared to the inflow region (see Figure 5) . Note that the deviation in the eastern part of the inflow region is smaller close to the ground, which could be an effect of a better representation of the developing mixed layer in the IFS.
Differences between ECMWF data and lidar observations
The absolute wind deviations (Figure 8(b) ) are largest at upper levels (between −3 and +7 m s −1 ) at higher wind speeds. Averaged over the inflow region the wind speed is underestimated by the IFS by −1.3 m s −1 (−18%). However, below 1.5 km wind speed is typically overestimated.
A comparison of profiles from the lidar measurements, IFS data and a dropsonde profile, in the area of overestimated humidity in the WCB inflow, is presented in Figure 9 . Note that the line-like dropsonde measurement is compared to a lidar profile consisting of an accumulation of laser shots. The specific humidity measured by dropsonde and lidar are in good agreement and show the same shape of the vertical humidity distribution (see Figure 9 (a)). Two lidar humidity profiles are shown since the dropsonde was launched temporally in between. To some extent differences can be explained by the different character of the measurement as well as by the horizontal drift of the dropsonde with the southwesterly wind perpendicular to the flight track. The dropsonde profile confirms the overestimated humidity of the IFS runs between 1.3 and 2.5 km altitude and the smaller deviation below. Above 3 km the model is able to represent the general decrease of moisture with height, but it does not resolve the fine structures, probably due to the limited resolution. The wind velocity of the lidar profile and the simultaneous dropsonde are in very good agreement. Also the wind velocity profile from the IFS compares very well with the observations. The WCB inflow region is characterized by overestimated wind velocities at low wind speeds beneath 2 km altitude.
Moisture uptake analysis
In the previous section a strong moisture difference between the IFS and the lidar observations has been discovered in the WCB inflow region. Figure 4 shows that the BLH as diagnosed by the ECMWF's IFS coincides with an observed elevated residual layer at ∼3 km altitude. Figure 9 (a) indicates nearly constant humidity values in the residual layer between 1.6 and 3 km observed by lidar and dropsonde (∼4 g kg −1 ). The ECMWF model does not capture the structure of the lower evolving boundary layer, as shown by the differing vertical humidity profiles below 2 km. As the layer of increased humidity deviations is located inside the ECMWF boundary layer (see Figure 8 (a) and 9(a)) one might guess that a too strong parameterized turbulent mixing distributed the humidity in the model over a too deep layer. The somewhat deeper (∼1.9 km) and less moist (∼11 g kg −1 ) evolving mixed layer in the IFS compared to the mixed layer observed by the dropsonde (∼1.3 km and 11.5 g kg −1 ) in Figure 9 (a) supports this hypothesis. However, the probably incorrectly represented local mixing in the IFS cannot explain the integrated moisture excess that occurs up to ∼3 km altitude. Therefore it is interesting to further investigate the potential processes that led to the overestimated humidity in the ECMWF model. Figure 7 gave a first indication that the air mass observed in the eastern part of the flight segment originated from the Mediterranean (see also section 4.3). These trajectories show an increase in specific humidity while they were advected close to the surface. The history of the probed air masses and the related moisture uptake will be discussed based on 7.5-day backward trajectories that have been calculated from the WCB inflow region (see Figure 8 ) for every lidar observation point. For these trajectories the moisture source diagnostic introduced by Sodemann et al. (2008) and Pfahl and Wernli (2008) was applied to analyse the location and time of the moisture uptake. In essence, the technique uses material changes of specific humidity along trajectories to quantitatively diagnose moisture uptakes due to surface evaporation. Oceanic uptakes (mixing of advected air with moisture evaporated from sea surface) and continental uptakes (evaporation from the soil and transpiration from plants) can be distinguished. These processes crucially depend on sub-grid scale processes which are parameterized by turbulent humidity fluxes. The subsequent analysis aims at clarifying whether enhanced deviations can be attributed to an increased moisture uptake and/or to distinct uptake regions.
The trajectories in the WCB inflow region can be divided into five clusters with characteristic transport behaviours. Figure 10 (a) shows the positions of the backward trajectories at 1200 UTC 17 July (i.e. 49 h prior to the observation). The clustering was defined by the area encompassing characteristic groups of parcel positions. The yellow, light-blue and dark-blue trajectory clusters (Figure 10(b) ) originate from the Atlantic. The dark-blue air parcels are travelling comparatively fast on the backside of the trough while descending from higher altitudes (∼500 hPa). The light-blue coloured trajectories also illustrate a transport over the Iberian Peninsula. However, their locations are much closer to the ground and they experienced longer residence times over land. The yellow trajectories perform loops over the Bay of Biscay. The Mediterranean trajectories are divided into two clusters. In contrast to the green trajectories that move along the northern coast of Spain, the red parcels are transported further to the south and are characterized by long residence times (3.5 days) off the coast of Spain (at ∼0 • E/39.5 • N). Figure 10 (c) illustrates the location of the five clusters on the lidar cross-section. The trajectories that travel over the Iberian Peninsula (light and dark blue) belong to starting points in the upper part of the inflow area. The highest starting points at driest humidity values in the inflow region are associated with the descending dark-blue trajectories. Beneath, the remaining trajectories from the Atlantic (yellow) start in the western part of the lidar subsection. The Mediterranean trajectories (red and green) are associated with the air mass that was probed at the end of the flight below about 2 km.
The identified moisture uptake regions for all trajectories from the WCB inflow region are shown in Figure 11 . Altogether, 77% of the ECMWF moisture at the trajectory starting points can be related to uptake in these regions. Different regions with oceanic and continental moisture uptakes appear that can be associated with the five different clusters. The moistening of the yellow trajectories is reflected in the uptake region over the Bay of Biscay and indicates that high moisture values in the western part of the WCB inflow region arise from evaporation over the Atlantic. The light-and dark-blue trajectories can be associated with weak moisture uptake over the Iberian Peninsula. The green and red trajectories experience strong moisture uptake over the Mediterranean and the northeastern part of Spain. In particular for the green cluster, a distinct maximum occurred between Corsica and France. Figure 12 links the accumulated moisture uptake along the trajectories with the moisture deviations between the IFS and the lidar observations. The highest uptake values (8-12 g kg −1 during the 7.5 days) occurred in the eastern part of the flight segment (Figure 12(a) ). The maximum positive moisture deviations (Figure 12(b) ) occur in the upper part of this area, with high total moisture uptake values. This indicates that a high total moisture uptake does not necessarily lead to a high deviation. However, interestingly, both high moisture uptake and large deviations are associated with the Mediterranean trajectories (see red and green dots in Figure 10(c) ). For this reason the Mediterranean clusters (green and red) are investigated in more detail, especially during the first 25 h along the backward trajectories (from 1300 UTC 19 July to 1200 UTC 18 July) when the air parcels are close together. Figure 13 shows the positions and characteristics of trajectories with a high total moisture uptake within this period (exceeding 1.5 g kg −1 in 25 h). The air parcels that fulfil this criterion are shown in Figure 13 (a) (black squares) together with the associated moisture deviation. This subgroup of the Mediterranean trajectories covers well the main region with high positive deviations. The moisture uptakes along these trajectories mainly took place over land above the eastern part of the widening Ebro valley floor as well as on its flanks ( Figure 13(b) ; see also total moisture uptake field in Figure 11 ). The red trajectories primarily move over the mountains located in the south and descend to the valley floor ( Figure 13(c) ) between −25 h and −12 h. The green parcels move close to the sea surface. The ascent of all trajectories towards the flight track in the last 12 h indicates the initial phase of the WCB ascent. Figure 13( d) shows the magnitude of the moisture uptake. The red trajectories possess the largest uptakes during the late phase of their descent (−19 h and −13 h). The green trajectories mainly moisten when they reach land at −1 h and −7 h. During these 25 h, accumulated moisture uptakes over land are substantial and amount to roughly 3 g kg −1 . We conclude that the main moisture uptakes that can be associated with the strong moisture deviation of the IFS with respect to the lidar data occurred over land in the Ebro valley. This leads to the hypothesis that landsurface evapotranspiration may be crucial for accurately capturing the moisture content in the inflow of WCBs, at least during summer when evapotranspiration can be particularly intense and in regions where the airflow into WCBs originate (partially) from continental areas.
Discussion and conclusions
In this study we analysed a large set of airborne lidar missions with water vapour (and wind) observations over the northern Atlantic and Europe with respect to the occurrence of warm conveyor belts. By checking for suitable geographical and meteorological situations, 17 of the 83 missions were investigated for intersections with WCB trajectories. The ETReC 2007 mission on 19 July 2007 over Spain was selected as it showed observations in the outflow of a first and inflow of a second WCB. This enabled, for the first time, a detailed investigation of the humidity structure in the inflow region of a WCB as revealed by lidar remote sensing profiles. Previous studies showed that this WCB was associated with a cyclone which caused highimpact weather, especially high amounts of rain over the UK (Blackburn et al., 2008) .
Cyclogenesis on the leading edge of a large-scale trough led to the development of a low-level frontal system over France. A Lagrangian diagnostic with forward and backward trajectory calculations from every observation point was performed to directly associate observations with WCB air masses. Two independent WCB events were observed. One WCB was probed by the lidar that ascended into the upper troposphere 2-3 days prior to the measurements. The second event corresponded to a WCB air mass that underwent a strong ascent immediately after being observed by the lidar. This WCB air mass at low levels was located in the warm sector of the developing cyclone. The WCB ascended coherently ahead of the cold front after being probed by the lidar and spread out when reaching the outflow region over southern Scandinavia.
On average, the trajectories exceeding an ascent of 600 hPa lost 10.3 g kg −1 of their initial humidity and increased their potential temperature by 27.6 K in 48 h. During the 4.5 days before the observation most of these parcels were advected within a stationary trough from the Atlantic Ocean and either descended to or moved close to sea level. Another branch originated above the Mediterranean at low levels, showing a strong moistening due to surface evaporation. The advection of moistened air parcels influenced the humidity distribution portrayed by the lidar measurements. A comparison revealed that on average the humidity in the inflow region was overestimated by the ECMWF analysis by 1.0 g kg −1 (14%) compared to the lidar. Although this average deviation is within the general uncertainty of humidity values in operational analyses, local peak deviations of up to 7.0 g kg −1 were identified. These very large deviations occur in the inflow region of a WCB and are thus of particularly high dynamical relevance.
The analysis of the diagnosed BLH in the IFS model and the comparisons of lidar and dropsonde observations with the modelled humidity indicated that incorrect local mixing associated with an overestimated height of the mixed layer only partly explains the observed moisture deviation. A detailed investigation of 7.5-day backward trajectories starting in the WCB inflow region showed that most parcels associated with a large positive moisture bias were transported over the Mediterranean. A moisture source diagnostic illustrated that high total moisture uptakes occurred in these air parcels over the Mediterranean Sea and also over the eastern part of the Iberian Peninsula. The analysis of the moisture uptakes within 24 h prior to the observation indicates a strong influence of evapotranspiration in the Ebro valley. This analysis gives some support that the excess moisture in the inflow region is related to insufficiently represented evapotranspiration processes in the IFS. However, incorrect moisture transport, either horizontal or vertical, the latter due to inaccurate representation of the turbulent boundary layer, has also contributed to the diagnosed moisture deviation.
As described in the Introduction, the moisture supply critically influences diabatic processes in the WCB. Therefore the diagnosed wet bias at low levels may affect the forecast of this WCB and the downstream flow evolution. The situation of this summer season WCB over the continent is further complicated by strong convective cells embedded in the WCB, as revealed by satellite observations. To investigate the impact of the moisture bias in the ECMWF analysis on the prediction of the flow evolution, we intend to perform sensitivity experiments applying a mesoscale model with varying initial moisture distributions.
Appendix
A1. Influence of the temporal resolution on the WCB detection method
For the calculation of Lagrangian trajectories a multitude of temporal and spatial interpolations are required. During recent years the spatial resolution of NWP models like the IFS has been significantly increased which, finally, improved the accuracy of trajectory calculations. However, it can be supposed that a higher temporal resolution would further increase the accuracy. In this study we used a 3-hourly time resolution in the driving wind fields for calculating the trajectories. The 6-hourly analyses were supplemented by short-term forecasts. For the comparison of the continuous lidar measurements we calculated a special 1-hourly data output with the ECMWF IFS. In the following, the influence of the time resolution on the detection of the WCB will be quantified. To this end, the trajectory calculations were repeated with a 1-and 6-hourly time resolution of the input wind fields. 1h/3h/6h [km] [km]
[UTC] Figure A1 . Location of WCB observations (pressure decrease larger than 400 hPa). Colour coding indicates temporal resolution of the trajectory calculation in which the trajectory is identified as WCB air parcel. Figure A1 demonstrates the sensitivity of the detection algorithm to the temporal resolution of the driving wind fields. The classifications illustrate observations with ascents larger than 400 hPa (same as used in Figure 5 ) detected by either one, two or by all temporal resolutions. The noisy character of the upper tropospheric WCB region is also manifested in this diagnostic. This implies that the detection of this WCB is particularly sensitive to the temporal resolution of the driving meteorological analyses. At lower altitudes large areas are found where at least two resolutions detected WCBs (see Figure 5(a) ). The algorithm consistently identifies the air that is lifted right after the observation time independent of the temporal resolution. It would be of great interest to investigate this sensitivity aspect in a more general way for different cases and regions.
